innovative low-carbon cement-based materials can substantially reduce CO 2 emissions associated 40 with PC production [1] . Several studies have focused on developing SCMs from a variety of waste 41 and by-product materials, in addition to common SCMs such as fly ash, ground granulated 42 blast-furnace slag, and silica fume [2] . Further, novel cement systems/concrete are being developed 43 through alkaline activation of aluminosilicates or innovative uses of waste materials [3] . Some of 44 these novel cements are in use on a limited scale in some parts of the world; however, their short-45 and long-term performance as compared to conventional PC needs to be established for their 46 large-scale application [1] . More investigation on the properties and performance of SCMs or novel 47 cements is necessary for their successful usage as partial or complete replacement of PC in 48 concrete. constant, for the dissolution reactions of phases used in the simulation are tabulated in Table 1 . The 124 name of the phase (defined by dissolution reaction, logK p , and Δ r H 0 , as given in Table 1 ), the 125 specified saturation index (which has a value of zero for equilibrium), and the amount of the phase 126 were the input parameters for the phase-equilibrium module in PHREEQC. 127 Table 2 . 168
169
The total hydration degree of cement, α t, relative to the total clinker content at time t is expressed by 170 calculate the solution composition and the kind and amount of precipitated phases based on a 185 thermodynamic dataset and input parameters. The calculations on the dissolution rate of clinker 186 minerals were carried out in Excel ® and the necessary data were transferred to PHREEQC as input 187 parameters. The thermodynamic properties for various phases and minerals found in cement system 188 were collected from CEMDATA07 [10] and others [15] , and the data were converted into a format 189 suitable for PHREEQC; the data are given in Table 1 
Simulation results and experimental data verification 217 218
The predicted phase changes as a function of time for Ordinary Portland Cement (OPC) paste 219 (using the input parameters given in Table 3 ) are shown in Fig. 1(A) . The model predicts the 220 complete dissolution of the available gypsum in the cement within the first 7 h of hydration and the 221 gradual increase in the amount of C-A-S-H end-members and portlandite with time. The presence 222 of CSH_TobH and CASH_INFCA end-members in C-A-S-H solid solution is negligible. 223
Magnesium present in the cement is predicted as brucite at an early age and then converted to 224 hydrotalcite after 0.5 days of hydration. The model also calculates the continuous dissolution ofcalcite present in the cement to form monocarboaluminate, and some monocarboaluminate 226 transforms to hemicarboaluminate. The predicted phases in the hydrated OPC (after 7 days or 227 longer of hydration time) include C-A-S-H gel solid solution, portlandite, ettringite, hydrotalcite, 228
and AFm phases such as monocarboaluminate and hemicarboaluminate, in addition to un-hydrated 229 clinker minerals. The chemical composition data for end-members of the C-A-S-H gel solid 230 solution are used to predict the Ca/Si and Al/Si ratios of the gel (Fig. 1(B) The simulated hydration products of OPC paste for the input parameters listed in Table 3 were 243 compared with the experimental data available in the literature [9], shown in Fig. 2 . As reported by 244 Matschei [24] and validated by Lothenbach et al. [9] , the AFm phases determined by XRD (X-ray 245 Diffraction) are certainly underestimated owing to their poor crystalline structure, relatively low 246 amount, and lack of data concerning the structure. Therefore, the total amorphous content (C-S-H + 247 amorphous AFm) from XRD measurement was compared with the summation of C-S-H and 248 monosulfoaluminate from the current simulation. As illustrated in 
Simulation results and experimental data verification 313
The calculated composition of hydrates and the remaining un-reacted slag and clinker of the slag 315 cement system, which consists of 60% OPC and 40% slag, as a function of hydration time are 316 shown in Fig. 6(A) for the input parameters given in Table 3 and the composition of slag tabulated  317 in Table 4 . The predicted monocarboaluminate, which is formed through the dissolution of calcite, 318 is completely changed to hemicarboaluminate after approximately 7 days of hydration, thus 319 destabilising ettringite. The hydrated slag cement, with a degree of slag reaction of more than 70%, 320 has C-A-S-H solid solution, monosulfoaluminate, hydrotalcite, and monocarboaluminate, in 321 addition to decreasing trend of portlandite and ettringite as the main hydration products. The 322 calculated Ca/Si and Al/Si ratios of C-A-S-H as a function of hydration time are shown in Fig. 6(B) . 323 Fig. 7(A) while the effect of the chemical composition 339
of Portland cement on the portlandite formation of the slag cement system is given in Fig. 7(B) . The 340 same composition of cement and slag and the mixing conditions as those given in ref. [32] [33] were 341 adopted in the simulation. In addition to a consistent trend between the predicted and measured 342 values, the calculated portlandite content agrees very well with experimental results except for a 343 
mixture containing 20% slag (20 in Fig. 7 (A) ) and white cement blended with slag (A+S1 in Fig.  344   7(B) ). The portlandite has not completely consumed by slag hydration, even for a high replacement 345 of slag and a long hydration time. 346
347
The main hydrates of the slag-blended cement (OPC:slag = 60:40) and slag and limestone-blended 348 cement (OPC:slag:LS = 57.7:38.5:3.8) were predicted using the same details as those used in the 349 experiment [34] as input, and the results are compared to XRD/Rietveld data in Fig. 8 and Fig. 9 for slag reaction, have used to verify the hydration in slag-blended cement systems (Fig. 7-Fig. 10) . 389
This suggests a wider applicable range for the derived equation. However, the suitability of using 390 this derived equation for a high replacement of cement by slag needs to be assessed because the 391 equation was obtained for replacement levels of up to 60% slag. A series of simulations were performed to evaluate the significance of the C-A-S-H solid solution in 408 terms of precisely predicting the hydration products. The simulated portlandite weight percentage in 409 the OPC and slag-blended cement was compared with experimental measurements in Fig. 11 as an  410 example. The simulation results for the case with six end-members of the C-A-S-H solid solution 411 are shown in Fig. 11(A) , along with the results of four end-members (without CASH_INFCA and 412 CSH_TobH). The predicted results using four end-members of the solid solution match exactly with 413 those using six end-members because the fractions of CASH_INFCA and CSH_TobH are 414 insignificant ( Fig. 1(A) and Fig. 6(A) 
